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Zn,0 doped GaP light-emitting diodes were heat treated in the

temperature range of 400 to ASO;O‘OTC . 'The effects of the low temper-

ature annealing on the electrical and optical properties of the
diodes were :Iﬁ-d:nitgrserd- by measuring the electroluminescent effi-
ciency, emission spectra, Junction capacitance-voltage and 'the
forward current-voltage character istics of the devices. The
electroluminescent efflclency data and emission spectra revealed
that annealing at low temperatures increases the total quantum
effieieney and that the red emission increases relative to the
infrared emission. Junction C-V measur ements on unannealed diodes
showed that the p and n regions were separated by a compensated
layer =800 & wide resulting in a p-r-n diode structure. An-
healing increaseés the width of the r-layer and 1s attributed to
from the p-layer across the Jjunction. Recombination of hole-
electron .pafirs in the space charge region dominates the forward
IV characteristics of GaP diodes up to =% 1.6 volts. For larger
bias a Parall el mode recombination mechanism domlnates the
characteristic due to recombination oceurring in the p-layer
adjacent to the space charge region. Annealing reduces the
eurrent Aat a given voltage;resulting in an increase in the

Shockley-Read lifetime [TpoTno]™




~I. INTRODUCTION

A. General

Since the observation of visible light emission from GaP[1,2],
considerable‘intéféstihas'beeh-éenerated.in‘theﬁusé'of this;material
for low-voltage, low-power indicator lamps and alphanumeric displays.
GaP is a III-V compounddsémiGOHdUCtbr'pOSSESSng:the zinc=blende
structure¢ The crystal property %hat%has!theégreatestfinflueHGEionz
electroluminescence is the energy separation~between‘the.valence.aﬂd
conduction bands; for visible emission to occur an ehergy gap,Eg,~
of 1.7 to 3.1 ev. is required. The minimum separation of thejbaﬁdsu
thus determines the maximum wavelength or color of the emitted light.
The latticecgnstant,ao,'fOr~GaP?isapproximately-S.h5lE4and the

energy gap, b

_» 1s 2.26 ev. both measured at 25°C[3]. Thus GaP is
one of the few III-V compounds suitable for luminescencejin the
visible region.

Electroliminescence in a p-n junction diode occurs by radiative

recombination of injected minority carriers with-majority carriers

while under & forward bias. Recombination can occur either radia=

'fiVéiY“With.ﬁheeEMiSSiﬁn Of:a.photon¢oflightAor.nonfa&iatiVely
where énergy is given up as a phonon. Sincé'GaP”has-an:indiréct
ban&:gap, the minimum of the cgnduétionaband:dqes not occur at the
séme nomentum wave vector 'k' value as the maximum in the valence

band; thus, band-to-band electron transitions require the emission

‘or absorption of a phonon to conserve momentum along with the




emission or absorption of & photon. As a measure of the efficiency

of the light-emission process, two quentities are defined. The
internal quantum efficiency is the ratio Of*the number of minority
carriers that ;ecaﬁbine;radiatively to the total number that re-
combine. However, & more meaningful quantity, especially for
device applications, isthe'externalquantumiefficiency;This
quantity is the ratio of the number of external emitted photons
+o the ﬁﬂmber:of:eléctroﬁs flowing in the external circuit [3].

~The internal and external quantum efficiencies differ by an amount

due to absorption of photons in the bulk regions of the device
br~byrreflect10nsfét the diode surfaces.

Previous studies have described the mechanisms of luminescence
in Zn,0 doped GaP [4-11]. Red luminescence occurs by two mech-
anisms::

(1) recombination of electrons trapped. at Zn=0
centers with holes trapped at distant zinc
sites (Pair Reccmbingtion) and

(2) recombination of hble—electroné@aifé'through
excitonic emission. -

The‘iniréreﬁiemissionis-alSO'accounﬁedfof by“ﬁﬁO{prOCQSSéS;

(1) recombination of electrons trapped at the donor

?o;»gen,Sites~with;hdles~hﬁagped at distant zine

acceptor sites (D-A Recombinatién) and




(2) trapped electrons at oxygensites_withzfrééiholes
“inﬁtheralence'band (Bbund—FreerRECGMbinatiOﬁ),
At roqmrtempgratureiexcitoninand bound-to-free recombination
dominate the luminescent chara¢téristics of GaP. Figure 1 is a
schematic of the electroluminescent-prodessginfGan

B. P-N Junction Theory

To understand electroluminescence in light-emitting diodes
;an_elementary,unde£3tanaingrof'pﬁn junction behavior is required.
;Thezneregiﬁﬁfof'the;semicgﬁductgr gontainSImobile_negéﬁiVéiéharges
(electrons) anﬁhe-maéoriiy carrier and immdbilefPositive-donor
ions; while the p-region contains mobile positive charges (holes)
and immobile negative ions (acceptors). Only the mobile charges
(h@iegiaﬂd.eleétrans) enter into ﬁhefgenduction'grccess since:
they can accept energy upon application of an applied field. When
ﬁﬁe‘n_and p‘regiQns are brought into contact to form a:junctiaﬁ,
holes and electrons diffuse due~£o thew1arge'édncenﬁratiﬁn

gradierts that exist. The diffusion of these mobile carriers

leaves a net positive charge of immobile donor ions in the n-region

near the interface and a net negative immobile charge due to
acceptor ions in the p-region near the interface. These im-
mobile charges éeﬁ up an electric field that oppeses further
aiffusion~oﬁ‘the.mebile:carriers3 In thermal equilibrium, the

field balaHCES”thefcqncentratibﬁ gradient resulting in no net

current flow. The region near the junction containing the immobile

[t I
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ions is nearly depleted of all mobile carriers and is called the
Junction space charge region.

In GaP red llght—emlttlng diodes the p-region is eithetr 7n
or €d doped Wlth smaller quantities of the donor oxygen inecluded..
The Cd or Zn impurities provide a shallow acceptor level 0.06k ev
a??iﬁgthe'top~of the valence band while the oxygen provides 4
deep donor level approximately 0.895 ev below the bottom of the
conduction band [8]. Figure 2a is an energy band diagram of a
diode in equilibrium.

Application of a forward bias reduces the potential barrier
and_germit84thé*fiGW'Gf'élecﬁrOnS'an&'hbies:acrOSS'the juﬂétion
as exhibited in Figure 2b. The loles injected into the n-region
as minority carriers, recombine with the majority carrier elec-
trons, while on thé*pasi&eihiectEdielectrons recombine with holes.

The dependence of the current flow with applied voltage is given

P
il

= I exp (qV/nkT)

where k 1is thechltzmannthnstant,"T*is:the absolute temperature:
and n is a constant dependent upon the recombination mechanism.
The value of I  is constant for a given temperature and is in-
dependent of the applied voltage. 'fbr*Zn,OdopedGaP the red

luminéscerice occurs within approximately a micron of the Jjunction




in the p-region; therefore, Eléctronsinjéctionsfromatﬁsn into
~the,p=iayer controisﬁhelumineseence process. The injected
electrons are frappedﬁbyeagneuﬁralacgmplex~resu1ting;frdm an
acceptor Zn and the donor O occup&ing;nearest‘heighbor1atti¢e
sites [3]. The capture of the electron charges the Zn-0 complex
negatively and a hole is then captured‘by'coulambiétattfaCﬁibn,
The electron and hole bound to the neutral complex are termed a
bound exciton. fTheﬁrecombination.@f:arhole;electronpair'in'ﬂhis
.manﬁeriresuits-in:thewemissiongqf'a:ph@ton:efﬁlight in the red
region of the visible spectrum.

¢. Diffusion of Zinc in GaP

Chang and Pearson [12-1L] obserwved that zinc behaves anom-
alously in GaP and other III-V compounds. The zine diffusion
pr oFiles for temperatures greater than 90 0°¢ were characterized
by a very steep concentration sradiegﬁ'indicaiinz a concentration
;dependencé.of‘theidiffusi@n:coefficient- They used?Zh”5 asza;
tracer and determined the diffusion coefficient from a Matano
analysis and isoconcentration. data. For températures.belqw
9009@, the curves did not exhibit a§sﬁeep»gradi¢n$.as~wasfdis—
played for the higher temperatur es . although the diffusion
coefficient was found to be weakly co:pcentrat’ison dependent.
The‘expregsion_farftﬁe concentration dependent diffusion coef-

ficient is: ‘
a  n i —
- _ _ _.=8 0.45 -2.50
D=7T7.5x 10 CZrl exp ——

_6..




For temperatures greater'than§QGOQC,;it‘was found that D varied

18 19

in the region between 5 x 107 and 2 x 10

'approximgfely‘aS~C§n

em >, To explain the behavior of Zn diffusion in GaP, Chang and
Pearson invoked an interstitial-substitutional dlffusmn model
thatrwas;previdusly‘sugggsteQbe-Langiﬁi [15] for Zn in GaAs.
‘Theyﬂmadetheffollowing,assumptiens in deriving the relationship
between D and C:
1. subsjt itutional zinc in the Ga sublattice is neutral
or is a singly i@nizeaféccepfér
2. @& small fraction of zinc exists interstitially and
acts as a doubly ionized donor, the concentration
being enhanced by the substitutional zinc acceptors
3. galligm-vaaancies:remain;neutral
L, diffusiony0ccursby*both,intefstitialﬁand»SUbsti+
tutibnai_modes~wiﬁh the‘interstitialan@de‘being
dominant at high zine concentrations and temper-
atures.

D. Purpose

Numerous investigafians;have:shgwn;that the external quantum
iefficienQY‘céhfbeeiﬁerease&fby3a“faCtOTiOf‘2“tQ:lﬁbe'aﬂnﬁalingi
'attempefatureS'in the 400-725°¢ rangéutlﬁeEQ] and that the red
efficiency can be increased at the expense of the infrared

quantum efficiency [17]. These studies have been conducted on

X




bgth.bulk.maﬁerialzand_p-njuﬁctien-diodesu However, the external
quantum efficiency:of a:diodeﬁis,hot_cnly*agfunCtionnofitﬁe nHMber
of Zn-0 complexes but alsO_the_injection;efﬂiciency,aorientatibn:
and other factors associated with the diode.

Since zine acts as a shallow acceptor in GaP and is known to
be a very fast-&iffuéérg degradation of the junction properties

of*the:diode*would'befexpected due to out diffusion of zinc from -

R

the p-region to tlie n-region. Since thé injection efficiency of

a diode is proportienal to the gradient of the carrier concentra-

tion, additional heat treatment after epitaxial growth should

+the quantum efficiency. Low temperature annealing therefore:

produces two competing effects:

1. ;inqreases:thefconcentration-af Zn=0 e@mpiexgs
;infthe'P‘?ﬁgiOnvwhich,tends;td;increase the guantum
efficiency, and

2. decreases the Zn concentration gradient at the p-n
junction whiech lowers the injection efficiency and
therefore reduces the quantum efficiency.

The purpose of~this_stuay is therefore to investigate the
effects of low temperature heat treatments on the eléectriecal and
optical properties of Zn;0 doped GaP junction diodes and to
expiain.ﬁhese,effeats;in'termS;of¢Zh diffusion in the regions

near and across ‘the p-n junction.




A. Crystal Growth and Diode Preparation

The material used in this investigation was grown on GaP
substrates using a.lquidephase epitaxy'teéhnigue at Bell Tele-
phone Laboratories in Reading, Pennsylvania. The substrate mate-
xial*wasapp¥oximately .012" thick and was selenium doped, an

n—type impurity, to a concentration of 2-5 x 107 cm .

Growth
was in the <111> diregtion. After appropriate polishing and
cleaning an n-type epitaxial layer, dopedﬁwith}tellurium, was
grown on the substrate from the liquid phase. In this method Ga.y
GaP»andfTéafe placed in one end of a quartz boat, which is
rc@ntaiﬁediﬂia~quartz diffusion tube'throughrwhicthlcwsia_rea |
ture, the boat is tipped so that the solution of GaP and Te in Ga
covers the substrate at the opposite end of the boat. As the
saturated solution cools, a thin Te doped GaP epitaxidal layer is
grown upon the substrate. Typical tipping temperatures and ¢ool-
ing rates are 1045°C and 3/4°C/min., respectively.

K%Eelayer doped with zine and oxygen was then deposited on
the n-layer, again employing the liquid-phase epitaxial process.
Since*the~investig&tiéniisfconéerned with the effects of zine
diffusion on the junction and optical properties of diodes, zinc

17

concentrations of 5 x 10 fandglrx.lOl7 weré‘ﬂesired,‘fThe




procedure for tipping the p-layer is similar to that previously
described with thé-excéption_that«the aceceptor Zn réplages the
ddnor“Té<andSGaQngadditions:aré madeto:proﬁide.aQSQUICG fér
 oxygen incorporation. Thus the p-layer is in%entiénally‘&épedi

with both types of impurities; however, the acceptor concentration

is greater than the donor oxygen. To obtain the desired zine

concentrations, zinc additions of 0.04 mole percent and 0.07 mole:
percent were added to the melt. The'GaéQ3additionswerefhéid
constant at 0.0T mole percent for both deposition runs. The boat
was insertedfiﬁtcza~di£fusion:furna¢e~set.at?SQOQC‘containing‘a:

H, ambient and the temperature was increased until the desired

» ambient. and the temperature was ir
tipping temperature was reached. Tipping occurred at-approximately
1010°C and the cQOling;ratefwas<about,lQCﬁmin« during‘grbwth. The.
grawth:timemwas.lﬁfminutes aﬁdthe total time was approximately
105 minutes. To terminate growth the boat was flipped.sothe.GéP
substrates were not in contact with the Ga enriched solution. The
furnace was then allowed to cool to about SOOOCaHdthe-boatwas
then removed., Figure 3 is a schematic representation of the tip-
ping procedure.

Diodes were fabricated from the GaPiwafémsfby contacting'botﬁ.
the p and n-layers and then dicing the wafer into iﬁ&ividual chips.
Before evaporatiori of the éontaGtS:thefwafers:ﬁeceivedthe;lelOw—

ing treatment:

=10~




1. eclean in hot conec. HNO. for 10 minutes

3

2. lightly polish p-layer using 1 micron A0,
3. lap n-type substrate to reduce total thickness to .012"

b. polish substrate using 1 micron Al 0

2: 3

5. degreasg_invboiling chloroform for 2 minutes

6. etch in chlorine Saﬁuraied'mEthanol.sélﬂtiéngf§r H5

seconds.

In the normal contacting procedure, the evaporat ed cont acts:
afe.allcyéd at 600°C for 5 minutes in a nitrogen atmosphere.,
Since the annealing cycles for the diodes were to be carried out
at temperatures less than-éOdQQ,>anaalternateﬁc@ntactfallqying
“’prGQédurefseemedfaivis&hle'to eliminate the effects of the higher
temperature. An attempt to alloy the contacts by elevating the |
temperature of the substrates during evaporation resulted in
3HQnéOhmiGQQﬂﬁ&CtSWWifh~a forward voltage of 17 volts at 1 maj
therefore, it was decided to evaporate and alley the contacts

using a standard procedure so reliable contacts could be obtained.

The following evaporation procedure was followed:

1. evaporate 10,000 & of & 2% Si-Au alloy on the n-substrate

2. -evaporate 5,000 8 of a 1% Be-Au alloy on p-layer
4. alloy contacts for 5 min. at 600°C in dry nitrogen.

A1l evaporations were performed at a substrate temperature of

o Sonseartrmintesssriet
isnmanieirs ;
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on a 3 angle block using Linde #305 A1,0

aqua regia (3:1 HC1:HNO.

15000 . The contact geometries were obtained by evaporation
-thrbugﬁ:mQLdeenﬁmﬁm&SkS‘_lTﬁéfBétAungﬁﬁagﬁS;Wére .005" diameter
on .020" centers, Wﬁiie:theuSieAu.contacts were an array of
.0015" dots on .0035" centers. The evaporations were conducted
in the 3-b x 107 Torr range.

After alloying the contacts were checked for linearity on a
'transistbi curve tracer by probing between adjacent contacts.

The wafers were then mounted on bakelite discs, p-side up, and

partially cut approximately .00L" deep forming .015" x .015" chips.

The wafers were then etched in a 3:1:1 H SOu :30% H202 HQO
solution maintained at 60°C for 5 minutes to remove damage

resulting from the dicing operation.

B. Concentration Profile Measurements

Before fabrication of the wafers into diodesﬁ~doping;con¢en-
tration profiles in the wafers were obtained from capacitance-
voltage measurements employing Schottky Barrier diodes evaporated
on angle lapped surfaces. Previous investigations have described

the procedure in determining doping concentrations employing

>Schottky analysis [21-24]. A small piece of each wafer was lapped

Lo 3 and was then pollshed

with Linde A.Oa3=mi¢ronvpcli3h‘” The specimens were etched in hot

) for 10 seconds prior to contacting.

3

fContacts-were formed.by-alloying-z%WZn doped4and.2%:sn}doped

T — G




resistance strip heater. The samples were stored in methanol

afterﬁthe,&quafregiafetéﬁ and_laaaédwwet;inte-the~¢hamber:just
prior to contacting. The dhambér'was;purgedJusing-B%iforming-gas
prior to loading and during the alloying process. Two contacts
were formed on each region so that they could be checked for

litiedarity on a clurve tracer. The contacts were protected with

~ for 10 seconds. Just prior to:leadihg~the specimens in the

evaporator, theyireceived.azéﬁ-SeCOnd.etghﬁiHArQQm.temperatume
nitric acid and were then stored in methanol. The evaporator was
evacuated to 2 x 1071
A 004" dot pattern on .008" centers was generated by evaporation
through a molybdenum mask. Eigur@.#'is/a‘Sk@t@h-Of'the;GaP‘Sampieﬁ
and the Au Schottky Barrier diodes.

Capacitance-Voltage measurements were conducted on the speci-

men using an automated test sset designed at Western Electrie,

Princeton, New Jersey. C=V measurements on a given dicde consisted

of measuring the diode capacitance at ‘a given voltage as the blas

was swept from = + 0.400 volts to - 3.600 volts in 0.4B0. -

volt increments. Concentration profile measurements consisted

of making a series of C-V measurements on the evaporated diodes

along the lapped surface, starting at the surface of the p-layer.

As the p-n junction is traversed; the polarity of the probes must

‘be reversed and contact made to the n-type substrate. The raw

*'Tcrr'befbre;évaporati@nfoi'theﬂgoldzaommenced-
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:data;wegerecgrded{gh;a;T—track*magnEtic:tapéﬁusiﬁg:a;Kéhngdy=Mbdel
1600 tape recorder for later processing on a Digital Equipment
PDP-10 computer. The doping concentrations were determined friom,

the expression:

where

e = dielectric permittivity

q = electronic charge

Il

= diode capacitance per unit area.

I

= applied voltage

_*

net doping corcentration.

) L L L ) ¥
The concentration determined from C<V ‘measuréments, N , 1§ the

oY
iy

net impurity concentration; i.e., the difference between the

donor and?aceeptor concentrations 'ND- NA]' By knowing the

spacing between diodes and the angle 6 (shown in Figure h}'thé

depth for a glven diode on the angle lapped surface is obtained
d = nx sin 3~ cos#
'nf=zﬂHMber'Cf'a,given:dipdeffrdm,the<surfage

x = spacing between the diodes.

.,1&-
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some samples the resolution was 1o 2 mierons die %o & larger
angle~é;

The epitaxial layer thicknesses were measured using & split
beam mieroscope. A small piece of the wafer was cleaved before

diode fabrication and etched in a 1:1 HF: 507 H, O mixture for 90

2
SQCODQS'underrintense:illuminatiOH;along‘themcleaved.edge« Hall

measurements were made on the p-layer of the wafers to. determine

the carrier concentration and compare it with the value previously

*&eterminea.frOmaSchetﬁky'Barﬁier‘data, The concentration deter-
mined from Hall analysis is an average value over the epitaxial

layer, whereas C-V analysis gives a concentration for a specifie

depth in ‘the film. Tﬁéréfdré,egeﬁéﬁaliy;-WE*WéUIE_not.eXpecb the

two: valies to coincide.

C. Annealing Procedure

An array containing approximately 15=30 diodeés was broken
from the GaP wafers. These arrays were annealed in a flow=thru
arg@n;system.atrﬁODQC-and 50!90-fpr'times,rangingfup*tq T2 hours.
A Marshall Combustion tube furnace with a 2—§iinch-flatzpnefwas
used for this purpose. No attempt was made to quench the samples
other than the air quench they received because of the-lowzmasses
and temperatures involved. A 3:1:1 eteh (H h :30% H_0,_:H O)

272772

maintained at 60 C was used to etch the samples after each

Typical spatial resolutions obtained were 3-L microns although for

TSR L e s e
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:aﬁﬁégling‘cyéiéIQSJ, The etch time~was 5-10 minutes and the etch
.rame*meESurea.ai,rbamftemperatufe.is tz<0991.u[mins

Four meé§ureménﬁs'wéreymade:on-each.sémplé to characterize the
junction and optical properties of the diodes:

1. reVéﬁse:biased'jUMﬁﬁiQn eapacitanee—vgltagé

2. fOrWar@;cﬁfreﬁtsvoltagé:éharacteristics

3. electrclum1nescent efficiency

L. emission spectra.

Thesé fieasurements are to be discussed in detail in the following
section. Since the measurements were made after each annealing
cycle, photographs were used to identify individual diodes so they
could be followed throughout the entire experiment.

The expeniment'could;have"beenrcondUCteﬂ?Wifhde'différent
approaches: (1) anneal bulk material for different times and then
fabricate diodes, or (2) fabricate the diodes prior to annealing
the samples. The latter method was chosen because expected changes
in junction properties would be small and could be masked by varia-
tions between diodes.

D. Measurements

1. Junction Capacitance-Voltage

‘Tn 1942 Schottky[26] pointed out that the impurity distribution

could be determined from the dependenceé of the Junctlon capacitance

on the junction voltage. The basis for the determination of the




impurity distribution is the dependence of the variation of the
junction depletion width on the concentration of impurities at the
edge of the space charge region. The relationship is obtained by

a double integration of Poisson's equation:

VE(x) = pe(x) | (1.1)

where E(x) is the electric field and p(x) is the charge concentra-

tion. The assumptions invoked in the analysis are (1) the charge

distribution in the space charge region is due only to immobile

impurity ions, (2) the impurity atoms are completely ionized, (3)

the junction is planar, (L) the applied voltage appears entirely

across the junction and (5) that ﬁﬁe edges of ‘the spadce charge layer
are well defined.

Applying Poisson's equation in one-=dimension:

P (%) - 87 (%) ] (1.2)

where p(x) is the mobile hole concentration, n(x) is the electron
.cancentration;and.Nb(X)‘and:NA(x)=are‘the‘ionized donor: and
scceptor concentrations respectively. Using the depletion approxi-

f mation that the space charge region is depleted of all mobile

carriers equation (1.2) reduces to:

T - 4w (x) - W), ) w3




In the n-region:

and in the p-region:

4B
dx

I
|

’wﬁere:Ln_ahd 1, are-the-depletipn widths in the n and p regions.

P
Assuming N and N, are constant, for ease of manipulation, integra-

tion of equations of (1.4) and (1.5) and applying the boundary

condition that E = 0 at x ;ulﬁgaﬁaix*=-—'lp,;giV652

28
;
2

o P .

The maximum electric field exists at x = 0 'and is given byi

+ - . . -

m € €

Trom the above relationship we see that the total lonized immobile

impﬁrity'infthemneﬁegion:equals the ionized immobile impurity in

18- o - ,, _—
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the p-region. Thus:

Integration of equations (1.6) and (1.7) gives the potential

distribution V(x) and the built-in potential V.. :

(1.10)

v =2E1 =2E (1

n D

where 1 1is the”tQtal'&epleﬁian~width,fin-f 1p‘ From equations

(1.8), (1.10) and (1.11)

- -

“ N\ [1/2

N N
1, = qQ Vbi( + (1.12)
D

N,.N

— -

Upon application of a voltage V to the junction, the total

potential is given by (V,. + V) for reverse bias and (V,, - V) for

forward bias. |
A o L) |
The depletion layer' capacitance is defined as C= IV where

dQ is the incremental increase in charge uncovered upon an incre-
a two-sided junction is given by the expression:
Q = alN_pol;- . (1.13)

~19-




Sze[hp] gives the following expression for the differential
capacitance of a two-sided sﬁep.junCtion:

d 1) |
dQ t (quff t) e (1.14)
d( P€ Nefflt) L

o =

(!
I
-+

Fquation (1.15) can be written:

eff

@)
i
-+

L
o2

I
o+
I

Taking the derivative of (1.18)

1
a(—5)
C + 2

av d€ Neff

we see that we can determine the carrier cgncentraticn'Néff'bY

determining the slope of a plot —-:éL— vs V. A straight line
| c

(1.16)

=2 (1.19)
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extrapolation of the reverse bias data back o where

~ gives the built-in potential V

results can be obtained if N, and N

the unknowns are N, (x), N_(x), 1

Since we have only two equations but four ur

1

2.
C
The: above relationships were

=0

bi®

2

derived assuming that N, and N_ were constant, although.the-same;'

A D

A D.areefdnétions'of position.

The total depletion width 1, can be determined using the ap-

T

proximation for a parallel-plate capacitor:

o=, o . (1.20)

. the total space charge layer thickness

and lt

Thus, we know N ..

as a function of voltage; however, we wish to determine the concen-

tration of impurities on both sides Qf‘therunqtién4 Therefore,

+ L L , L '
P and,lﬂx To detefminéith$Se

values the following relationships are required:

1

T T (1.21)

R (1.22)
: D eff

knowns another variable

must be known. From Schottky Barrier profiles the iﬁpurity concen-

*%ration,NS;,in:the Te-doped n-layer can be determined. Agsuming

that the. diffusion of impurities across the interface during

=-21=




,gfpwthadf'thegpflaXEflis'contrdlled.by-thé more rapidly diffusing

specie, we can assume that compensation of impurities near the

junction is due only to the fast diffuser. OSince DZn’3105 DTe

at the growth temperature, compensation is attributed to zinc

diffusion. Therefore, the distribution of Te is assumed to follow

e | | e o
a step function at the junction and equals Ny as determined from

Schottky Barrier capacitance measurements.
. _ ) A2 - L
Figure 5 is a plot of (%Q vs V for a 0.07 mole % Zn-doped
GaP diode. The slope of the curve at any point therefore, deter—

mines & value of the effective doping concentration, N .. for a

given voltage or depletion width. TFigure 6 is-a;plotsoffﬁﬁffﬁVs

1, s the total space charge depletlen width, as determlned by

_tﬂ

using equatlQns (1,l9);and (1.20). However to determine the

EValﬁéS-Of'Néff,in,the regions of large forward bias, the experi-

mental data shown in Figure 5 was fit with a second ordeér poly=
nomial equation of the form:

where ¢ is the intercept of the voltage axis and was set to the
‘built—injpgtentialg:Vhiy N » lP and l 'were then calculated.

using a numerical iteratlveﬁtechniqué;LZT] using equations 1.9

1.21 and 1.22 as described below.

* A multiple regression program was employed using a least squares
technique.

T




Assuming ND(Te) is constant in the n.reglan-and_Ne££VS lt

is known from experimental measurements, N,(x) is calculated on

the basis of equal increments of charge on each side of the junc-

tion using the following procedure (Figure T):

(1) :N;(O),;the,net acceptor concentration at the junction, is
calculated from N_

ff(ﬂ) and'Nﬁ.using equation (1.22).

fNéff(O)_is determined from the slope of the polynomial
f 5 |

equatioh*Where~(%ﬁ t;:‘ig

equals zero. At this point 1_ =0

(2) W, (x) is assuned constant for a Smallincrementilpﬁl)»-'lp(O)

+
D SOT A EEE

into the p-region and N

small increment ln(l) - lh(O)'intQ the-nrregiongso,that

1,(1) - 1.(0) = [1p (1) = 1p< o)1+ [1 (1) -1 (0)].

C—

from equation (1.21).

(3) ;Since.lp(ly ana,in(l) aré’bofhtwdkann, equation (1.9) can

be written in terms of 1 and 1,

NAL;pﬁl) —;p(o)l-—SED{[lt(l) - 1,(0)] - Llp(l) —41p(o)]}

O T T TL T 1T T WLty . -
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, NO[1,(1) - 1,.(0)]
or lp;(. 1) - .._-.lp;(if 0) = =— - +t
o} j¢ VNA + ND

solving for 1 (1) gives

P

and

=
=
s
L
O
~
-+

1 (1) =21.(1) - 1.(1).
n t D

(4) W (1) is then calculated from N_,.(1) at 1 ( 5

£E

equation (1.22)

(5) The sequence of (2) through (L) is i?epeatzed until the Neff

vs 1, data is exhausted. We have therefore generated the

-

near junction doping profile in theAp-layer'frdméﬂeffﬁ@atan

2. Current-Voltage Characteristics

The forward current-voltage-charaéteriStiCSJWére=méasured.aﬁ
room temperature using a Hewlett-Packard Model TOO4A X=Y recorder,
thereby providing a continuocus plot of the log of the current
versus forward voltage. Although the eleeﬁranics'limited:the;

_measurgment@rahgé:f?dm'lﬁflO td§lQ€2 amperes, the range was

-2L-
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sufficient since the r egi otis of very low and high currents were
not of interest.
' As previously stated the voltage dependence of a p-n junction

&

in forward bias is given by the expression:

where n is a constant dependent on the recombination mechanism.
The value of n in a given region may, therefore, be found by

determining the slope of the log I vs V curve. If

I.=TIe qu/nkT

1 0 and (2.2)

|| X

then n can be found from the equation:

(v, - V,)
N = g 1 2 ( 2.11[)

KT
1n(11/12)

In GaP the current—voltage characteristics are dominated by

 recombination at deep centers in the space charge region under

J

medium forward bias. This current c¢omponent was proposed by Sah,

Noyce and Shockley [28] to explain anomalies in the I-V charac-

teristics of silicon devices and later applied by Morgan [30]

to radiative space-charge recombination. - The SNS current compo-

nent for the condition that gV/2kT >> 1 is given by the expression:

ST LT ORI e P et
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nikTW exp(qV/2kT)

J =

rg
<, ST 12

. 1£(0)

PO no Vbi - V)

=ﬁhére~ni~i§ the intrinsic carrier concentration, W is the voltage

dependentspage.chargetwjdth,zvbi:iS'the'built-in‘potentialiand
Iho_and;1i are the intrinsic electron and hole lifetimes respec-

PO ,
tively. The function f(b) is a definite integral defined by SNS
1

m

2

and approaches as a limit for the high bias casé and b

in(b) for low bias. The value of b is & function of the trap

level, E_, the intrinsie Fermi level and the intrinsic hole and j

t’

electron lifetimes. For the case when deep center recombination

is_dqminant equation (2.5) appliés:&ﬁd f(p) = for meditm

m
2
bias. Howeverg:if:reéompination of hole=electron pairs occurs
outside the space charge region, the diffusion current dominates
the-proeessiéndgthercurrent voltage relationship takes the form

[31]:

an D qa p_D ] _
o e noh | qV/kT

where J is'ﬁhe»diffusion:qurrent density in the neutral region

D

aﬁd;De.an& D; are diffusioﬁ.COnstants:fOr ¢lectrons and holes.

h
;LéganddLh are the dif?usiOn lengths defined by L =\,D1’ where T

is the lifetime of the ecarrier. For recombination of-hole-electron | ]

;pairs ou%side'ﬁheAspace.chargefregion5nﬁhe:slépesof'thé'l—v curve




must give a value of n = 1; therefore, we c¢an determine the regions

Of'thE~I+VVGharaCteriStiGf&QmiH@tedfby'rEGUﬂbfnatiQnrinzthe space |
charge layer or nguﬁral;regiOn by dbserving'thé-dhange*in'thé-élOpe
of the curve. Series resistdnce in the bulk regions of the device
fddmingte the I-V characteristics for voltages greater than approx-

imately 1.80 volts, thus, limiting the analysis to values less

thangthis voltage.

3. Electroluminescent Efficiency

The electroluminescentefficiencyhf ﬁhé;diédes~was:measured 
at room temperature using an integrating sphere. ’Figﬁré'§;i§.a
schematic illustration of the experimental apparatus. The
efficiency test set consists of a 'I""e';fl_e-;cﬂ,t'ing integrating sphere
with two silicon solar cell panels located at the top and bottom
of the cavity. The absorption filters placed between the cavity
fand,sbiar¢¢é11_panélséremOVe'lighthith:a;wavelength less than
15500’£ﬂ ‘ThéaSs§Mbiyis enclosed in,a;light'tigﬁtfblackqux~to
reduce the background noise of the solar panels.

The electroluminescent efficiency is the ratio of the number
- of photons emitted to the number of electrons flowing in the
‘external circuit. 'For*thetest set used,*the.electroluminescent

efficieney was determined from the expression:

n =1.39 x VSolar Cells (mv) (3.1)
.e ' 2
T (ma) u -




whefeily39-is_a&darreetionﬂfaﬁtbr=for-the:test;sets V is the output
voltage of the-soia; Panelsan&Ifis the current flowing in the
circuit. The correction factor was obtained by calibration of
the test set with a diode of known efficiency.

(Contact was made to the diode array by placing the n-side on
agold~platedTO&5.can-assembiyéﬁamakingAa springrcontact'to
the Be-Au contact pad on the p-layer. The measurements were made
using a constant dec current of 10 ma. The outpﬁt'voltageﬂof'the
Sinsolar:gells'was:measured?uéing:a'HEWléttePackardaDy~G.lNull
Voltmeter in conjunction with a digital multimeter for a more
accurate readout.

4h, Emission Spectra

The emission spectra of each samplé was measured using a

Spex 1800, 3/4 meter monbchrcmafor'ffdmzﬂzerhy’TufheriCGa The

slit width was 2500 microns and the slit hel ght was 5 millimeters.

The measurements were made in the 6,000 8 = 10,000 @'range-in.

SO*R’incrementsu For all measurements, the diodes were driven

with a constant current of 10 ma as iﬁ’ﬁhe-efficiency*measurements@
An ITT'FWleO.photOﬁultiplier tube was used in conjunction

With'a'photon»COuntingS&stém.tb‘detect the,lightxipténsity=

- emitted from the diodes. The useful range of the photomultiplier

tube extends beyond the 6,000 & - 10,000 8 range used in the

experimernt.

Ulgg,
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ﬁT%EVsample-&iqdefwas*plaCéd directly in front of the slit to
the monochromator. A sharp cut Corning #CS 3-69 filter was used
in conjunction with a #CS 3—76,fil%er=to femove-ény.lightAwith a
wavelengthfless than 5500 8, The raw~da£a was recorded on magnetic
tape using a data aequisition system as previously described.

Using the algorithm of Dighman, DiDomenieo and Caruso [9 ],
the value of the'iniegraiedfredata-infrared intensity ratio may
‘be.calcﬁlate&, Fofthepurpose-bf calculatingfthéﬁratiO‘the
alogriﬂhmfis used to express the area of the red and infrared
bands in terms of their peak heights. Thus, if Ef:andQPir_are
the values of the maxima of the red and infrared bands, then the

room temperature quantum éefficiencies are given by:r

Therefore, the integrated red-to-infrared ratio can be determined

by dividing equation (L.1) by (L.2).

0.263 P
r

RED/IR RATIO =
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E. Ion Microprobe Sample Preparation

To check the validity of the assumption made in the capac-
i“‘t;anc;ézvoltagg section; i.e., that the Te profile i:—'s-;. constant
throughout the n-layer, and also to provide a second method for
determining the zine concentrat 1on in the p-layer 1t was decided
tc'Prpfile bulk epitaxial‘layeré'using;an~ion‘mi¢f0prdbey The
ion microprobe was chosen over the electron microprobe because
of its much ;:gr.e:ater sen51t1V1ty , parts per billion compared to
partsupérymilliﬁh;forfthe electron microprobe. The increased
sensitivity is the result of analyzing secondary ions with a mass
spegtrqmeterg&nd;ndf;aegéﬁdary¥e1éé£rbﬁsiés'Wiih‘ﬁhe electron .
probe. Since the maximm concentration of impurities in the

18

epitaxial layers is on the order of 1 % 10 cm73; these levels
~li6‘outsid6ﬂthe.resolutidh.Of;the:EleétrOhﬁﬁiﬁrOprbbe;'

~ The samples were diffuséd at 400° ] 5000 . 7000 and. 80000 for
times ranging frcmiiwt@;lzo hours in nitrogen. The impurity
species of interest in the épitaxial layers are Zn and Te. Since
'thellayeré arefrelatiVély~thick'35;h04mierbns,Aﬁhe;sampleswwerei
angieiappedisofc@ncentrationéﬁrofiles eoul&abe.determine&-along
theilapped,surﬂacef -@he‘speéimens were.lapged,at'BQ on a glass.
plate using & 3 micron diamond compound. The samples were then
polished on a nylon polishing cloth using 1 micron and 1/4 micron
diamond polish. The samples were degreased in triechlorethylene,

et




acetone and methanol and then etched for 10 seconds in chlorine
saturated methaniol to remove damage introduced in the polishing

operation.

The specimens were mounted on 3° aluminum wedges so that the

lapped surface would be normal to the ion beam when loaded into
the specimen chamber of the probe. The ion microprobe analysis

-31-
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III. RESULTS

The resistivity, hgiewmobili%y;ana;carrief concentration in
thep—l&yer,:measuredéby:standard,teChniques, is tabulated in
Table I. Impurityiprofiles:df'tﬁrée-épitaxiaiiwaférs;frdmfwhiéh.
diodes were fabricated are shown inm Figures 9, 10 and 11 for two
different zinc¢ concentrations. The concentration profiles were
determined by making a series of C-V measurements ‘on evaporated
metal-semiconductor Schottky Barrier diodes.

Figures 12 and 13 are plots .of the electroluminescent effi-

 ¢iléney versus anneadling time for annealing temperatures of %00°C
efficiency for diodes of a given zin¢ concentration, determined
from Schottky Barrier measurements, found in Tables TI‘ﬁﬂ@;i;Lgr§
Figure 14 shows the effect of zinc concentration on the maximum
electroluminescent efficiency. :Again the data pOintS,répresent
the average efficiency for an annealing time of 50 hours. Typical
emission spectra for unannealed and annealed diodes for two zinc
concentrations are shown in Figures 15, 16, 17 and 18. Plots
of the average integraﬁed.Red-tq+lnfraredﬁRatioveréus-aﬁgealing
time are shown in Figures 19 and 20. Tabulation of the integrated
'Re@-tQ‘Iﬂfrared Ratibcan be found in Tables IV and V.

versus total depletion.yidth,

Figure 6 1s a plot of Bpp




11t¢;5hbwingfthezeffect-ofthe.zine‘eonGEﬁtrationon.the~near

Junction impurity profile for a constant Ga,_0_ concentration and

0
“ 23
P -1

Te concentration. TypicaljplatS‘of'(E* versus voltage are shown in
- Figures 21 and 22 for the two zine doping levels investigated. The
figuréSNaiéO-aispiay*thégeffectsgof~annealing'cﬁ~the_junction.éhar—
acteristics by plotting the initial C-V characteristics and the
characteristics at some period of time in the annealing cyc le.
Figures 26 and 27 are plots of the acceptor doping profile deter- '
mined using the numel‘lcal 1terat1ve technique. Figure 30 summar izes
the results obtained from C-V analysis by plotting the diffusion
coefficient of zinc versus the zinc concentration.

The current-voltage characteristics of typiecal unannealed
GaP diodes are shown in Figure 31. The I-V characteristics for
annealed diodes are exhib 1ted in F:Lgures 32 and 33 and compared to

the unannealed curves.
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that the concentration determined from Hall measurements is

IV, DISCUSSION OF RESULTS

A. General

The n-epitaxial layer thickness measured using a split beam
microscope ranged between 1.17 and 1.86 mils. "Difficulﬁy'was
encouniered~in;determining the thickness of the n-layer in géme
sampleS%due-t@'thé gr&dedmintéfface:bétWéén.the-epitaxial layer
'an& the<sel¢niwm doped n-type substrate. The p-layer epitaxial

b

thickness was measured using the above technique and was found

' t6 vary from 1.58 to 1.93 mils.

The hole mobility and average carrier concentration in the
Zn,0 doped p-layer was determined from Hall measurements. Mobil-
ities ranged from 81:63cmgfvolt—sec.in”the heavily doped material

ﬁowgh,57¢m2/VQlt+seeiin the miore lightly doped layers. Average
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@arrierucdﬁcéntiaﬁionsfvariea.frdm.s.QE;Y.ognx 107" em ~ for the

0.07 mole % Zn doped layers to B.Ms;h;70:x’1e;7;gm'3 for the

(.

0.0k mole % Zn doped samples: Comparison of the concentrations

determined from Hall;anaiysis’wiﬁhugchcttky Barrier data shows

lower in;all‘the~samp1eé;.hQWEVer,‘agreement;is?generally good

to within a factor less than two. Sihce Hall.measurements*prgvideQ'

an average concentration for the entire layer, concentration

variations throughout the ldyer are not observed; therefore,
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Schottky Barrier capacitance measurements provide a more meaningful
insight into doping profiles since they allow a spatial analysis
offthe-layerﬁéobe~made4 TLogansétfal@IElJ repgrted;agreement*wiﬁbéﬂ.
15-20% for Hall an&Sbhoﬁtky~BarriérAmeasurémEnts; howevér,
conceﬁtrationsﬁwéré.détérminéd in;bulk-sampies and not.eyitaxial
layers.

B. Electroluminescent Efficiénqx

As seen in Figurés 12 and 13 annealfﬁg.at hGOpﬂﬂaﬁEZEOGOC“
“increases the external gquantum efficiencydas'has.been previously
reportéd. The efficiency being measured using the integrating .
gphere 1§ the totél quantum efficieney; i.€., the sum of the red
and infrared efficiencies. Figure 12 shows that the‘electrolumie
nescent efficiency iﬁcreases slowly with annealing time*at:hoood
and dQQSn’tgreach-azmaximumfuntilihg to 72 hours have elapsed. The

increase in the efficiency with annealing time is about a factor of

two. A parameter that has a considerable influence on the efficiency

of the diodes is the zinc concentration in the p-layer. For all
of the diodes tested, thengéQ3'concentrationinthegp-léyer-WaSs
hel&iconsﬁaﬁt-while the zinc concentration was varied. As can be
seén in Figure 12 the higher zinc concentrations resulted in lower
electréluminescent'efficienciesboth‘beforeiand‘during:annealingﬁ
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The peak efficiency for the heavily doped p-layer, 1.1 x 10

is reached in approximately 16 hours while 3 to L times as long is

%

=35-
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required for the more lightly doped material ﬁﬂe%éaeh.i£8gmaximum,

HdWéVer;theumaximum;efficieﬁéywattainédinﬁthegheavily.dop;d;mater-
% ﬁ ial is only abgutjone:halftéhééfﬂiéiéhcy of*ﬁhéqﬁ@réuiighﬂiy;agpea_
| samples.

‘ThefeffiéieﬁCy-aata.fbr the;5QOQC:anﬁéaledadio&es (Figure 13)
exhibit the same general characteristics as the ﬁbopﬁ.anneaiedi
diodes. Theinﬁrease-innéffiQiencyWith.annealingisga factor of
higher temperature the peak efficiency is reached at a much shorter
+time than for thethQQG.anneal, Once again a strong concentration
depetidence of the electroluminescent efficiency is displayed.

Figure 1k summarizes the efficiency;datazfor~the th:annealing_'
cénditiéns‘by‘plbtting‘the-maximum.effieiencywas a;functign-0f~the
log of the zinc concentration. The data exhibits a strong dependence

zqgfconcgntra—

. _:,’\‘

tion. >SuChﬂa»dep6n&ence”hasfbeengpreyiouéiy reported by Saul,

Armstrang:aﬁdIHackett[Szl for p on n LPE diodes. At some zinc con-

centration it would be expected that the electroluminescent

S A e ST

efficiency would decrease with decreasing zine concentrations; how-
; ' ever, this was not observed for the concentration range investigated.

Since the integrating sphere measures the total red plus infra-
red external quantum efficiency, from efficiency measurements alone

we can not tell if the red efficiency, infrared efficiency or both




are{inC$¢asing;or~décreaging;with_anﬁéaling., However , from
7kn0Wlédgﬁan the emission spectra to be diséHSSed,in the following

section, approximately 98% of the emitted light is in-the red band;

therefore, the increase in the total efficiency is due to formation .

of Zn-0 complexes during annealing.

C. Emission Spectra

1t may be seen framvfhe_nqrmalized.emissi®n SpeCtra for unan-
nealed and;annealsdudiodes.shawnAin;FiguresflS”through:185'ﬁhafsthe
room temperature spectra is cémPOSed§Of;aréd‘bénd~éénteréd_at
approximately 7000 & and an infrared band at 9200 8. At room
temperature these two bands overlap each other. The red band is

gssociated with excitonic recombination at Zn-0 nearest neighbor

pairs while the infrared emission is associated with unpaired oxygen

on substitutional Iattice"sitesy As can be seen from these emission
spectra, the area of the infrared band deéreases relative to the

red band for annealed diodes. Also the area in the infrared region
of the speetrumeér“the‘OwOTmeleu% Zh;doPed-diodes is less than
that for the 0.0L mole % Zn doped diodes. This implies that a
1axger"percentage of~the.SUbstitutiOnal.oxygen'is.paired'WithZn
forming ZnQo;campléXesiresul%ing;inua~larger<red”band:ccmparedzto
the infrared band for the more heavily doped diodes.

The change in the integrated red-to-infrared ratio with

annealing time, shown in Figures 19 and 20, shows that anﬁeaiing,, .
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ifhchéases7thé:émi53i0h“iﬁténsi@yiratiofer ﬁh§-%emperatures,inves—
‘tigated. At ﬂOOPCfthe=intensity'ratié increases slowly with an-

17

' em ~ concentration range and

nealing time for 4.5 — 5.5 x 10
doesn't approach an e qulllbrlum value until approximately T2 hours
have elapsed. Even at: T2 hours: the ratio is slowly increasing;
however, it fs;e:em‘ s 10 be approaching a plate au. The heavily doped
dlodes (1.1 x lO:L em ) inereased rapidly with time and reached

a plateau in approximately 12 to 16 hours. The change in the
intensity4ratia:is~about'three fbr"a1l concentrations. At?SQOQC_
therincrease<in'thefinfensiﬁy'ratie‘octursVmorer@PidlY‘thaﬁ at
400°C and reaches an equilibrium plateau in spproximately 2l hours.
Thﬁzincﬁeaseainthe'intensitYratio‘is‘abouthUB'at'50‘QC«:'The
behavior of the heavily doped diodes is very erratic at both temper-
atures and cannot be explained; therefore, the dotted curves in the
figures are the expected values and shape of the data.

‘The intensity ratic exhibits a:strcng.depen@en¢e on the doping j
concentration in the p-layer. Wiley[33] has showngthatsfora:knqwné
oxygen concentration andfanneaxing=temperature,fthezequilibrium
ffactionfof paired oxygen to total substitutional oxygen increases.
with the zine concentration. Therefore the concentration of Zn-0
an ‘increase Qf'theeintegrated~re&4tbﬁihffared.ratio,s7The.eguilibrium

pairing fraction increases with decreasing temperature for a known




zine and oxygen concentration.

The 400°C emission data follows Wil ey's model since the

intensity ratio decreases with decreasing zinc concentration. The

17 =3
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500°C data also fits the model except that the 4.5 x 10

doped samples give a slightly higher value than the 5.5 x 10

mined. It has been shown that the red emission occurs within
apprOleately 1 to 2 'microns of the space charge region ..o,ngl the
p-side[3k4]; therefore, the deviation from Wiley's model could be
due to the variations in ‘the near junction doping profiles between
the diodes. Since the intensity ratio at 500°C is ‘greater than at

ﬁh'O‘O:OJCA,. the diserepancy could be due to the effects of p-n junction

properties on the emission spectra.

0.




D. Capacitance—Voltagg Measurements

The eleCtroluminescent efficiency of GaP diodes is not only a
fﬁnction;éf‘the bulk.prbperties@f'the.p—layer,zbutiaISG=a function
of the junction properties of the device. Since red luminescence
oceurs byrﬁédiativé*recombiﬂation=Qf‘injeated‘electrons at Zn-0
complexes infthé p—layer,thevnear-junction~doping.concentrations
and thé:lifétimé of the injected electrons are important parameters

to be characterized. The injection efficiency,?Y , is defined by

the relation:

~and J, are the electron and hole components of the current

where ¢ . .

density flowing across the p-n junction. Tn forward bias;Jézandgqh
| areipreﬁartional“t0=the:gradient.of“the electron and hole concen-
trationsnear.thejunation;'therefore,thefnear~junctibn doping
profiles are reguired if the effects<9f'injectien-efficiency'gn
the luminescent properties are to be-investigatéd-

Because of the high diffusivity of Zn in GaP, diffus i__o.n of
Z/n into the n-epitaxial layer during growth of the p-layer and
subsequent heat treatment results in a compensated region separating

the active p-region from the n-region. A close approximation of the

AjunctioﬁdePinngrOfile;Can be-diSQane&Vfrdm the Neff

The width of the compensated region in the p- 7 -n structure is




P v s RN S

1

important since electron injection into the p-region is limited by

the number of electrons that recombine non-radiastively in this

_ . O - L L
From. the plot of-@%? versus voltage in Figure 5, it is

deduced that the diode junctions are step junctions separated by

an intrinsic - layer. The p-m-n structure explains the large

voltage intercept obtained by a straight line extrapolation of the
reverse bias data. For a simple p-n structure in GaP without a

T -layer, the voltage intercept is ~ 2.0 volts, the built-in
voltage, V... Deviations from the straight line extrapolat fon in -
'thé«férward_bi&s;regiQn?have‘beéﬂ:explained,PQ be due to the ;
presence of deep states in the energy gap[29]. Klso o be con-"
sidered in the region of large forward bias is the effect of dif-
'fusionvﬁapaCitanee;due=to the storage of a.large:nuﬁber bf‘minority
carriers near the edges Qf'thE'SPaCGJChanﬁiregign¢

“ ;AyZ

Figures 21 and 22 are plots of (-C-

diocdes doped with 0.07 mole % and 0.0k mole % zinc. The data shown

versus voltage for typical

is for the unannealed condition &n&,aﬁka;later'time?inﬁthe anhealing
cycle. By drawing a straight line parallel to the reverse bias

data for the unannealed case with an intercept value of V_, 2.0

bl

volts, the width of the intrinsic layer can be deétermined from the

1 11]1/2
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where Cy

is the zero bias capacitance.for the p-= -n structure.

is the zero bias capacitance for the simple p-n junction

and C2

Calculations of the w-layer width for unannealed diodes resulted
in widths of & 800 & for ‘the 0.07 mole % material and = 250 A

for the 0.04 mole % Zn;—dajp.éd material. Annealirng at 400°C for 16

%hoursaresuitg'in.a-change.in the slope':of(%)2 versus V data and

an increase in the width of the 'comp_én‘sated r-layer from 800 X to
Figure 6 is a plot of the effective carrier concentration,

N .., versus total space charge width, 1

the slope Ofuthe=(%62

+2 obtained by determining
ve. ¥ ewrve. The two curves show the effect
of the zinc concentration on the effective doping PI‘oflle near the
Junctlon . The curve for +the 0.07 mole % Zn-doped diode ‘dispil.a;y?_s- .
much steeper gradient than for the more lightly doped 0.0k molef

diode. Also, the concentration near the junction is less than in

the lightly doped material. TFrom Schottky Barrier capacitance

measurements, the net acceptor concentration measured = 5 microns

18

from the junction was & 1.1 x 107 cm > for the 0.07 mole % -

LT em 3 for the 0.04 mole % material. From

material and 5.5 x 10

these measurements N__ for the heavi 1y doped diodé would be

eff

expected to be higher than for the more lightly '_tiop‘ed diode. How-
ever, the diffusion coefficient of zinc in GaP ig known to be a

strong function of the zinc concentration at the temperatures where




where C, is the zero bias capacitance for the simple p-n Jjunction

i

is the zero bias capa“cit.ané'é'..fqr the p-r -n s.tr_u_c'turez.,

"Calculations of the w-layer width for unannealed diodes I‘esult ed
in widths of = 800 2 for the O. O‘?mole % material and = 250 g

for the 0.04 mole % .Zn-,vdqp_éd_ _matér'_i--al . Annealing at L00 °¢ for 16

" 42

hours results in a change in the slope of (3

an increase in the width of the comPensated T -layer from 800 X to

Figure 6 is a plot of the effective carrier concentration,
Neff’ versus t:Q-taal space charge width, 1
| A) 2

i » obtained by determining
of the zinc concentration on the effective doping profile near the
Jjunction. The curve for the 0.07 mole % Zn-doped diode displays a
much steeper gradient than for the more lightly doped 0.04 mole%

diode, Also, the concentration near the junction is less than in

measurements,; the net acceptor concentration measured R 5 microns

18

from the junction was & 1.1 x 10 ,c,mFB for the 0.07 mole %

17 =3
~' cm

material and 5.5 x 10 for the 0.04 mole % material. From

these measurements N for the heavily doped diode would :b_é:

eff |
expected to be higher than for the more lightly doped diode. How-

ever, the diffusion coefficient of zinc in GaP is kpown to be a

strong function of the zine concentration at the femperatures where

vs. V curve. The two curves show the effect

- PR R ot




epitaxial growth occurs. Chang and Pearson[1h] have shown that the

dependence of DZ,:follows a 'square law dependence of the zine con-

|

centraticnfatrthe'growth;temperature;f Impbsing'ﬁhis;dependenéé-of
the diffusion coefficient could éxplain the difference in the near
Junction effective concentration profiles. Because of theihigh,Dzh

for the 0.07 mole % diodes, rapid zinc diffusion across the p-n

Junction during growth results in compensation of the tellurium

donor atoms. This compensation reduces thé\yetfdonor concentration

eff
The results of annealing at L00°C and 500 C on the effective

in the n-region resulting in a smaller value of N

doping ceconcentration are shown in Figures 23 andz24 as a function
of annealing time, The two diodes represent typical diodes qu’ﬁhe
0.07 mole % doping level. Data for the 0.0h mole % diodes is not
shown since problems were encountered in obtaining a good fit of
thezéxperimental~capacitance—VO1tage date in the forward bias
region. The fit to the experimental data with a second order poly-
nomial was extremely good in both the forward bias and reverse bias
’regionsifOr~theiQaOTfmole %;dio&esL

fﬁVS.llga'ﬁhﬁ‘gra&iEhﬁ_df‘ﬁhe:effective%

From the plots of Nef i

concentration is shallow near the-junction'(lﬁ = 0) and increases

with increasing depletion depth into the material. The region of

the curve displaying a relatively constant value of N __ is the

eff




TN
growth. Subsequent heat treatment at 400°C and 500°C reduces the
concentration gradient and increases the width of the w-layer.

vs. 1, data shows that diffusion of'impuritié8~a¢fdss

Although N__. t

 the p-n junction occurs during lOW'temperathreannealiné,~adire¢t
.kndWledgeOfthe;impurityidistributipn'in both the n and p layers
. as a,funétian.6f’tﬁnéﬂwou1afﬁe;beneficial‘in'understandingihﬁw
diffusion.afféétS'ﬁhé diodé;injéctiongefficiéncy. Alsdy'the
diffusion coefficient Qfg;nmcould‘bé.detérmined by knowing N;(X7

as a function of time and temperature.

Figure 25 is a plot of'theiéalﬂulate&-deiﬁg;prbfile-rﬁ:fhe

n and p regions near the p-n junction obtained fromNeff VS 1t

data using the numerical iterative technique. The plot:shows the

>distribution'§f impurities after epitaxial growth and before any o

subsequent heat treatments have occurred. In the numerical analysis

) in the n_]_ayer

} - | | | I
it was assumed that the tellurium ¢@nCéntration.(ND)

was constant and that compensation of impurities near the junction
was due to zinc migration because of its much higher diffusivity.
In the flat region of the curve to the right of the n-r interface,

compensation has occurred and the material is weakly p-type for

~ 0.1 microns into the p-layer. To the right of the w-p inter-

face, the acceptor concentration rises rapidly and reaches a value

at 0.23 microns. QThe.acceptor:coﬁéentraiion,

18

" em ~ determined from

of ® 6.5 x 10
-

Ny should approach the value of 1.1 x 10

T




Schottky Barrier analysis of the p-layer.

‘Figures 26 and 27T show the effects of low temperature annealing

ol

:ongfhefacéepterfcqncentration,fpr tem@eraiures of'HOG?Ciand 5009@,
The gradient of the concentration decreases with annealing time for

a given temperature, thus verifying that Zinc is'out—diffusingfrcm

Rarad

the p-layer across the junction. =?igures.2855nd 29 are plots of

;1p VS.\,t for a given acceptor concentration NA’ For increasing

values of N .the:siopefOftheflﬁ'vs.\’t curve increases for a

zgiven temperature implying that D,  is concentration dependent as

n
;observed,by'Ghang.and'PearsQn[lQ-lh]. Also the slope of the curves

in Figure 29 for a temperature of 500°C is larger at & giVengNi

than at a temperature of 400°C. Assuming that D, is constant over

a small ‘concentration range and that -diffusion occurs from an

infinite source, an approximate value iof D, ecan be obtained from

the expression:

1, = Z\IDZnt'

where 24D, 'is the slope of the lime. Plotting the calculated

values of log(DZn)’Vse 1ogtcgn> in Figure 30, the concentration
dependence Of DZh can be observed. Also shown -are the values pre-

dicted by Chang and Pearson from their low temperature data. They

predictedma'dependenceQf‘CEAMS”er-@emperatures-lass;thah:QGGPC;

however, the lowest temperature measured was 800 C. The present




data, both at hcﬁo C and SOOOC are within an order of maghitude

agreement with the work of Chang and Pearson. The slope of the

) 1?.(_).0?@ curve gives & concentration dependence of "C':ZnT and is iIn

good agreement with previous results. The L00°¢ data should bé ex-

pected to show similar results. The low value at 3 x 10 7 cm 3 is

therefore el ther thought to b e in error or is low due to the err ors
inv olved in the approx1mat e method used to calculate D, .

'The‘diserepaﬂcy’between theivalﬁes calculated from C-V analysis
and those determined by Chang and Pearson can be possibly explained
by the;following-arguments: (1) éxtraleatien 6%“Chang;andiPearsans

@ata,testem@eratwres*@f55OO?Qﬁor'leS§'is:notrvalid5 (2) the diffusion

coefficient Qf’ZihC-determined‘by the C-V technique contains a field-

aided component due to the electric field across ‘the p-n junction

[36], and (3) the method used to determine DZn i§ invalid since
).

Dy = £ “2n |

n

To determine an expression for D, as a function of concentra-

Zn

tion 'and temperature would require a more involved analysis. A
Boltzmann-Matano analysis cannot be employed since the spatial

dependence of the zinc concentration is known only in the concentra-

17

tion range greater than =~ 1.0 x 10 cm ~ and not for all ranges in
concentration. However, using a forward finite:difference~£echniQﬂe
similar to that described by wvon RosenberglsﬂjAan.expression forﬂDZn

could be determined by numerical analysis using a digital computer.

<h6-
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Since NZ\ vSs. lp data is known as a function of both time and temper-

ature, functionalities of D, could be assumed and concentration
|

profileS’calculatéd:using'the”aSBumed*valuesofflz,, Those D,

values that produce calculatsdjprofiles»matching‘theiperilesf
obtained from junction C-V measurements would then eorrespond to the
diffusion coefficient of zinc at a given concentration and tempera-

ture.

L
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E. Current-Voltage Characteristics

The diode current is plotted logarithmically against the for-
‘ward bias voltage at room temperature in Figure3) for two typical
18 -3

diodes. The lower curve represents a diode with a 1.1 x 100 cm

7n corcentration while the upper curve represents a typical diode

17

with a 5.5 % 10 Zn concentratlon . The curves can be approx-—
imatéd %y‘a;series-ef straight lines in the bias range covered, L
Lplyiﬁg ﬁhatfﬁhemQUrrent is related to the'vglt&ge'by*thefexpfésSion
1= IOEXP(AN) wheréiA.is~a constant for each range. Thermaltinjét—
tion currents vary as exp(qV/nkT) where q is the electronic charge,
k is the Boltzmann factor, T is the absolute temperature and n is &
parameter for each region that is température independent. The
allowed n values lie betweenll-and 2 and are dependent. on the
recombinamionxmechaniam»

The apparent increase of n«t@~values'greaier'thanf2;as-éhéﬁﬁ
ianigure»Bl;fé?“an;unannealed&iode is due to an excess current
component, Typical currents of Zn,0 doped GaP diodes range from

T%amperes.at 1.k volts. Thus the

approximately 1 3;10“8tto;2.x,l0;
current for diode LSO—lGBl 1s approximately 1 to Q?GfdérS:Offm?gpi,
tude higher than expected.

‘Normal fabricatioﬂfprc@édure~for‘Zn,O dQPédfGa?~diodeS'ig»to

etch the diodes-in_a,3:1;1‘sqlutiona”Previously'&eSbri%ed, maintained

at 60°C for 5 minutés ‘to remove the surface damage from the dicing




g,e

operation. Thé'etchingfis;perfOrmed.afte% the.diodES-héve:been

mounted on T0-18 headers and lead bonded. Used in the prescribed
nanner, the eteh removes about 8 micfgﬁs_@f“materialrframﬂtnesedge

of the chip. Hackett et al.[38] have observed from scanning electron
micrographs that the 3:1:l solutionAeﬁches”théfpelayef £référential—

1y producing an etch step at the junction.for-diadesbonded on head-

e | érs. However, for unmounted dicdes the efch St;p-iéﬂnot present: and
thusthe-damaged‘1ayerzhas-n@tzﬂéen removed . SiHCé-diQdéSéused-in .

this investigation were not bonded on headers, the high excess

current COuldbe:possibly‘attributed‘to.iHCQmPléte'rémOValﬂOf’the‘
damaged layer. ﬁThe-&ici@gzaperaﬁion'iﬂtré&ueéSfdeepfstates;in:thef
eﬂeréy'gaps therefore., the execess @urrent'Shox:d'vary%aS'eXP(qV/QKT),
the same as the SNS current component, and thus will result in aﬁ

upward translation of the "true" I-V characteristics.

Inspection of the diodeS‘usgi-inthis;investigation.atféooX"
failed to reveal the etch step; therefqre,;five-dicdesufrdmfeaéh
vafer were mounted on headers and lead bonded. The specilmens were
etched in the 3:1:1 solution at 6Q9C_for:lo minutes to insure
removal of the damaged layer. ViSualfingpectian~at-260X1réﬁé516d
the etch step previcusly reported. Current—voltage characteristics
reveal that the current at 1.l volts is only approximately a factor

of 2 to 4 less than for the wunbonded diodes and a few resulted in

equal of higher currents at this bias. Reductions in the current




e

level of a factor of = 10 oceurred at lower biases(1.0 - 1.2 volts).
Since the excess current ac:ompon‘eﬁ?c; was not reduced by a .1:.-a.;rgge; factor
and is still quite large, on the order of microamperes for. some
diodes, it 48 deduced that the excess current is not due to incom-
To .account for values of n > 2 Kleinman[39] ascribed the effect

to monlinear recombination of carriers while Logan et al.[16] have

S

reported that the excess current is due to a tunneling mechanism.

However, 1t is believed;byfthe.authorrthat the excess current is

due to poor junction fabrieation during epitaxial growth.
Inzfﬁgure»31~the I—V‘gharacteristiéqef‘diode:ﬂh35ﬁ5Bl'is

dominated by the SNS space charge recombination componént (n=2)

in the bias;rangefrom:lflfb 1.6 volts and a parallel mode recombi-

n@tion;mechanism;bétmeenll;6and1&75»V@Its, The parallel mode

B

recombination (1< n< 2) is the result of the effects of space

* ‘charge recombination and diffusion cunrrént recombindtion both being

raétivea For voltages greater than 1.75 volts the I-V characteristic
is dominated by series resistance in the bulk regions of the device.
Diode 450-16B81 is dominated by the excess current up to about 1.6
volts where the space charge recombination term becomes dominant.

The Shockley-Read lifetime [ "o ff'no}l /2 can be < alculated by
using equation (2.5) and assuming a value of V, . = 2.0 volts and

; at 300°K. The value o

* Remember that the energy gap, B> in GaP is = 2.26 ev at 27 C.

~50-.




charge width, is calculated from the €-V characteristics at 1.6

volts using equation (1.20). The calculated values of {tpo.thOJl/z

for diodes LlL3-=L5B1 and 450-16Bl at 1.6 volts are 2.24 x ]_O-lo Sed ..

and 8.33 XTlQéIl sec. respectively.

Figure 32 is a plot of the I-V characteristics of diode
443-45B1 in an unannealed condition and after 12 hours at L00°C,
Throughout the voltage range of 1.1 to 16 volts there is a signifi-
cant reductlon in the currént attributed to annihilation of recombi-
nation centers in the space charge region. After annealing the slope
of the curve in this region is the same as for the unannealed condi-
ti@n:(n;=Vlf92);;howeéer, at higher bias the n value has decreased
from 1.45 to 133 1mply1ng that the space charge recombination
current component is becoming less important. Thus- -the carrier
lifetime inereases smce fewer injected eleectrons recombine in the
space charge layer. This increase in lifetime benefits the red Ium-
»ip¢s¢ence:process sincenmore3carriersrare3&vailable-fgr‘eXcitohie
recombination at Zn-0 complexes in.the.pélayér; The Shockley-Read
lifetime determined at 1.6 volts for the annealed diode is

13‘i6éx.10f19

given voltage as also seen at hoc)ocy The 1ifetime is increased by

a factor pf & 4 by amealing at 500°C.




F. Ion Microprobe

The absolute concentration -of Zn in GaP using the ion miero--
probe could not be determined since a suitable standard is not

presently available. The ion yield, the ratio of ions collected in -

the mass spectrometer to the number of generated ions, has & strong

dependence on the matrix; therefore, the standard aid specimen must |

be of the same matrix material to eliminate this effect. However,

relative concentrations can generally be easily determined. In

analyzing the samples the Zn peak located at. & mass-to-charge (m/e)
ratio of 6l was measured relative to4aP@2;pé§k_locatédat:a,m/e:
ratio of 63. However; in GaP the tail of the large Ga pedk at a
m/e‘ratiOof‘69 sWamps 6uttheZn‘6hpeakj Therefore, this tech-
nique of determining the Zn concéhtratiOn:eduld=nof'be used. Instead
of-loOking,at‘Zﬁ+:ions~it was decided to look at Zn0 idnsnloéate&‘
at m/e ratios of 80, 82, 83 and 8l to see if the peaks are dis=-
ftinguiShable; Pféliminary«résults;réVeal?that~this fechnique can
:reveal,the-péaks,and.hasfpotential.for:making;concentratioﬁxprofiles
of Zn in GaP.
| A mass spectrum of the p—épitaxial layeriand'theineﬁypé:sub-
strate revealed that thefp—layer“was.relativel§ clean of foreign

impurities although traces of Al, Na and K were present; however,

the substrateﬁmaterial—contaiﬁed;very”large,quantities.Qf €, Na,

kg AR

Al, Si, K and other eleménts. From these results it is concluded

s T R I R T S TSP FIPE P N 0 D

=52~




that quantitative evaluation of doping profiles by the ion probe
method could only be accomplished on specially prepared high purity

substrates and that the magnitude of the Zn concentration should be

e

e

1 to 2 orders higher than was available. in the material inve stlgated ‘

Bt T T R R AR D Ny T




V.. - CONCLUSIONS

&

1. The electroluminscent efficiency of the diodes increases about
+ a factor of 2 to 3 withtannealiigwat-h0@°ﬁﬁandf50@961 The

50@°C;anneal;gawe Slightiy'higher‘foieiengiesfﬁhan:aﬁ_hOOOC; “

o,

2. The electroluminescent efficiency of unannealed and annealed

diodes has .a strong dependence on the zinc concentration in the

p-layer for a constant Ga,0, and Te concentration. The lower

3

zine concentration diodes, 0.04 mole %, had about twice the

efficiency as the 0.07 mole % diodes.

3. MAnnealing at 400°C and 500°C increases the integrated Red/
neighbor sites. The 500°C anneal gave higher Red/Infrared
ramiosrthan;%069cgin.digagreement:with~Wileyfs‘mpdel for
Zn, O pairing. However, the discrepancy can bée attributed
to the difference between bulk material and material containing

a Jjunction.

% " L. 'The Rédfihfrared.ratio%isscqneentratidn depen&eﬁ%:wiﬁh.the

nigher Zn concentration providing larger intensity ratios due

| | to formation of gore Zn-0 complexes.

5. PSpace charge recombination dominates the I-V characteristics

of GaP diodes for volteges less than 1. 6 volts. A parallel

_mode recombination mechanism dominates the characteristics for

voltages greater than 1.6 volts. " | 1
~5h—

¥ -.-rrf-.(:;{:ngq R




Annealing decrea ses the current of all bias levels gnd can be
attributed to annihilation of recembination centers in the

iSﬁace'Ch&rge'regiOﬁ(»fThefannihijaiigﬁ;is_seen*byiaﬂ:increase;

in the Shockley-Read lifetime [7 7 ] / .

7ine diffusion across the p-h junction during low temperature .

snnealing is dire@tly-cbserVed.fothe Ghangein.gra&ient'of-the

acceptor concentration with annealing time. - From junction C=V

measurements the diffusion coefficient, D, » was found to be

concentration dependent and varied as anTo at SOOOC

.~ Although some junction degradation did occur, sifficient

amounts were not observed to have serious effects on quantum
efficiency of the diodes; therefore, it is concluded that
pairing of Zn and O in the p-region during annealing more

than offsets any degradation effects.




RESISTIVITY, MOBILITY AND CARRTER CONCENTRATION

IN P-EPITAXTAL LAYER DETERMINED BY HALL ANALYSIS

Zine Come.  N-Epi | P-Epi . Resistivity Hole Carrier Conc.
Wafer In Melt Thickness Thickness P=Layer ) ybbility‘ | P-Layer
Niger (Mole %) (Mils) - (Mils) ~ (ohm-cm)  (em™/volt-sec)  (ecm=3)

%R o hk3-bs o 0.07 ~1.7 1.61. @?169 81.6 7.02 % 1037
wig-sk  0.07 ‘ 1.58 ok 85.3°  6.43 x 107

- 450-55 - 0.07 1.63 1,93 0.125 8.2 5.95 x 1017

450-16 0.0k 1.29 1.73 0.193 94.5 zaksiﬂﬁrr

FSO?lT C0.0L . e 0.165 02.5 _ .09 x 1017

150-18 0.0k 1.30 1.1 0.146 oLl 470 x 1017

450-20 0.0l 1.86 1.8k 0.159 86.9 351 x 107

Ga,0

3
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ENERGY LEVEL DIAGRAM OF ZnO IN GaP
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